Bioethanol production from hydrothermal pretreated wheat straw by a flocculating Saccharomyces cerevisiae strain : effect of process conditions by Ruíz, Héctor A. et al.
Fuel 95 (2012) 528–536Contents lists available at SciVerse ScienceDirect
Fuel
journal homepage: www.elsevier .com/locate / fuelBioethanol production from hydrothermal pretreated wheat straw by a ﬂocculating
Saccharomyces cerevisiae strain – Effect of process conditions
Héctor A. Ruiz a,⇑, Daniel P. Silva b, Denise S. Ruzene b, Luis F. Lima a, António A. Vicente a, José A. Teixeira a
a IBB – Institute for Biotechnology and Bioengineering, Centre of Biological Engineering, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal
b ITP – Institute of Technology and Research, University Tiradentes, Campus Farolândia, 49032-490 Aracaju-SE, Brazil
a r t i c l e i n f o a b s t r a c tArticle history:
Received 8 September 2011
Received in revised form 23 October 2011
Accepted 25 October 2011
Available online 10 November 2011
Keywords:
Bioethanol
Hydrothermal pretreatment
Flocculating yeast
Simultaneous sacchariﬁcation and
fermentation (SSF)
Wheat straw0016-2361/$ - see front matter  2011 Elsevier Ltd. A
doi:10.1016/j.fuel.2011.10.060
⇑ Corresponding author. Tel.: +351 253 604 400; fa
E-mail address: hector_ruiz@deb.uminho.pt (H.A.Wheat straw is nowadays being considered a potential lignocellulose raw material for fuel ethanol pro-
duction of second generation and as an alternative to conventional fuel ethanol production from cereal
crops. In the present study, hydrothermal pretreated wheat straw with high cellulose content (>60%)
at 180 C for 30 min was used as substrate in simultaneous sacchariﬁcation and fermentation (SSF) pro-
cess for bioethanol production using a thermotolerant ﬂocculating strain of Saccharomyces cerevisiae
CA11. In order to evaluate the effects of temperature, substrate concentration (as effective cellulose)
and enzyme loading on: (1) ethanol conversion yield, (2) ethanol concentration, and (3) CO2 concentra-
tion a central composite design (CCD) was used. Results showed that the ethanol conversion yield was
mainly affected by enzyme loading, whereas for ethanol and CO2 concentration, enzyme loading and sub-
strate concentration were found to be the most signiﬁcant parameters. The highest ethanol conversion
yield of 85.71% was obtained at 30 C, 2% substrate and 30 FPU of enzyme loading, whereas the maximum
ethanol and CO2 concentrations (14.84 and 14.27 g/L, respectively) were obtained at 45 C, 3% substrate
and 30 FPU of enzyme loading, corresponding to an ethanol yield of 82.4%, demonstrating a low enzyme
inhibition and a good yeast performance during SSF process. The high cellulose content obtained in
hydrothermal pretreatment and the use of a thermotolerant ﬂocculating strain of S. cerevisiae in SSF sug-
gest as a very promising process for bioethanol production.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Bioethanol is an increasingly important alternative fuel for the
replacement of gasoline, with a world production in 2009 of
19,535 millions of gallons and an estimate, only for USA in 2022,
of 36,000 millions of gallons. It is thus expected that the production
of bioethanol will keep on increasing in the next 10 years (Fig. 1)
[1]. Second-generation bioethanol obtained from lignocellulosic
materials (LCM) has received major attention due to their abun-
dance and immense potential for conversion into sugars and fuels.
However, there are relevant obstacles such as production costs,
technology and environmental problems that need to be overcome
in the production of second-generation bioethanol [2–4]. Wheat
straw is one of the most abundant agricultural by-products, pre-
sents a low commercial value and most of it is being used as cattle
feed and waste. In terms of total production, wheat is the second
most important grain crop in the world. FAO statistics reported a
world annual wheat production in 2009 of 682 million tons and,
in average, the harvesting of 1.3 kg of grain is accompanied by the
production of 1 kg of straw; this gives an estimation of aboutll rights reserved.
x: +351 253 678 986.
Ruiz).524 million tons of wheat straw in 2009, an amount that clearly
justiﬁes the need to consider wheat straw as a complementary
source of raw material for the production of bioethanol [5,6].
The process for the production of second-generation bioethanol
includes three main steps: pretreatment, enzymatic hydrolysis
and fermentation.Hydrothermal processing (autohydrolysis), a pre-
treatment based in the use hot compressed water, presents several
advantages; no chemicals other thanwater are needed, no problems
derived from equipment corrosion occur, toxic compounds forma-
tion isminimized, a high recovery of valuable hemicellulose derived
products is obtained and cellulose structure is made susceptible to
enzymatic hydrolysis [7–9]. Simultaneous sacchariﬁcation and fer-
mentation (SSF) processes, ﬁrstly described by Takagi et al. [10],
combine enzymatic hydrolysis of cellulose with simultaneous fer-
mentation of the obtained sugars to ethanol and are one the most
promising process option for bioethanol production from LCM
[11]. SSF process has shown to be superior to separate hydrolysis
and fermentation (SHF) in terms of overall ethanol yield. Further-
more, SSF reduces the processing time, which in turn leads to in-
creases in ethanol productivity this is a consequence of the fast
conversion of glucose to ethanol by the fermentingmicroorganisms,
that reduce the enzymes inhibition due the presence of sugars.
Reduction in equipment costs is also obtained by performing the
Fig. 1. Trends in US fuel ethanol production; ( ) real production; ( ) estimate production. The points represent the trend model.
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ences between the optimal temperature for cellulose activity and
yeast growth is an issue that needs to be solved for an efﬁcient
SSF. The optimal temperature for cellulase enzymes (about of
50 C) is higher than the tolerance range reported by the most used
yeast for industrial ethanol production (about 30–37 C) [12–16].
This requires the matching of the temperature conditions required
for the optimum performance of the enzymatic and the fermenting
microorganism.
On the other hand, yeasts isolated from extreme environments,
exhibit the capability of growth at high temperatures while pro-
ducing ethanol; a proof of this is the industrial ethanol fermenta-
tion in some tropical countries as Brazil where fermentation
takes place at ambient temperatures and during the process the
temperature can reach 41 C as, due to its expensive costs [17],
no cooling systems are used. This requires the use of yeast strains
able to produce high ethanol yields at such high temperatures. Ab-
del-Banat et al. [18] demonstrated that if the fermentation step
could be performed at higher temperatures, for instance within a
40–50 C range, signiﬁcant cost reductions in fuel ethanol produc-
tion could be obtained. Advantages of processing at higher temper-
atures include a more-efﬁcient simultaneous sacchariﬁcation and
fermentation, signiﬁcant reduction of contamination and a contin-
uous shift from fermentation to distillation [19,20].
Additionally, the use of ﬂocculating yeasts is one of the most
interesting ways to provide an increase of the efﬁciency of bioetha-
nol production processes as a signiﬁcant reduction of capital costs is
achieved with the elimination of centrifugation (or at least a sub-
stantial reduction of the demand for such an expensive operation),
making the processmore competitive. The ﬂocculation of yeast cells
is a reversible, asexual and calcium-dependent process in which
cells adhere to form ﬂocs consisting of thousands of cells, the use
of high cell density systems being investigated and used for separat-
ing yeast cells from beer in the brewing industry. In fact, these sys-
temspresent several advantages as reduceddownstreamprocessing
costs, reuse of the biomass for extended periods of time, higher pro-
ductivity, protection against ethanol stress and resistance to con-
tamination by other microorganism [21–25]. Overall, improved
efﬁciency of the SSF will be obtained by using a yeast strain that
can work at higher temperatures and has ﬂocculant properties.
The aim of the present work was to evaluate the effect of SSF
operating conditions (temperature, substrate and enzyme loading)
of hydrothermal pretreated wheat straw as substrate on ethanolconversion yield, ethanol and CO2 production with a ﬂocculating
strain Saccharomyces cerevisiae CA11.
2. Materials and methods
2.1. Wheat straw pretreatment by hydrothermal processing
Wheat straw used as raw material in this study and was kindly
provided by a local farmer (Elvas, Portugal). Wheat straw was cut
into small pieces (1–3 cm) and milled using a laboratory knife mill
(CuttingMill SM 2000, Retsch, Germany). Thematerial composition
was previously analyzed by Ruiz et al. [9], containing cellulose (glu-
can) as the most abundant fraction (37.4%) followed by xylan
(29.4%), lignin (26.8%), arabinan (1.9%), and ash (1.6%). This chemi-
cal composition is in good agreementwith other values found in the
literature for this material [26,27]. The particle size distribution (w/
w%) used in this work was as follows: 10% > 1 mm; 40% between 1–
0.5 mm; 40% between 0.5–0.3 mm; and 10% to <0.3 mm. The same
batch of raw material was used for all experiments.
Milled wheat straw samples were mixed with water in order to
obtain a 10:1 liquid/solid mass ratio and treated in a 3.75 L total
volume stainless steel reactor (Parr Instruments Company, Moline,
Illinois, USA) with PID temperature control. The moisture content
of wheat straw was considered as water in the material balances.
The reactor was ﬁlled and heated to 180 C at a heating rate of
3 C/min until reaching the desired temperature, the reaction time
was 30 min, these conditions having been previously evaluated by
Ruiz et al. [9]. After completing the reaction time, the reactor was
cooled down at a rate about of 3.2 C/min and the agitation speed
was set at 135 rpm. Fig. 2 shows a typical and excellent reproduc-
ibility of the heating and cooling temperature proﬁles obtained for
a triplicate experiment at 180 C. At the end of the treatment, the
liquid and solid phases were separated by centrifugation and the
solid residues were washed with distilled water. Quantiﬁcation
of structural carbohydrates, sugars and degradation products in
both solid and liquid phases has been previously reported by Ruiz
et al. [28]. The solid residue was used as substrate for simultaneous
sacchariﬁcation and fermentation.
2.2. Yeast strain cultivation
The ﬂocculating S. cerevisiae CA11 was obtained from the micro-
bial collection at the Microbial Physiology Laboratory/Department
Fig. 2. Temperature proﬁles for hydrothermal pretreatment at 180 C for 30 min.
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ﬂocculating yeast strain was isolated from a ‘‘cachaça’’ distillery in
the state of Minas Gerais, Brazil and used in all the fermentation
experiments. The strain was kept on agar plates made of 10 g/L
yeast extract, 20 g/L peptone, 20 g/L agar and 20 g/L D-glucose as
an additional carbon source at 4 C.2.3. Yeast inoculum preparation
Yeast for inoculation was grown in 250 mL Erlenmeyer ﬂasks
with 125 mL of sterile culture medium containing 50 g/L glucose,
10 g/L peptone, 10 g/L yeast extract, 0.5 g/L (NH4)2HPO4 and
0.5 g/L MgSO4.7H2O; glucose was sterilized separately from the
other components to prevent damage to the nutritional qualities
of the medium. Yeast growth was carried out at 30 C and
150 rpm in an orbital shaker for 10–12 h. The cell suspension
was aseptically collected by centrifugation (15 min at 7885 g,
4 C) and suspended in sterile 0.9% NaCl to a concentration of
200 mg fresh yeast/mL. The yeast cells were inoculated at about
8 mg fresh yeast/mL into 50 mL of culture medium to start the fer-
mentation [29].2.4. Enzyme
Commercially available enzyme solutions, cellulase from Trich-
oderma reesei (Celluclast 1.5 L) and b-glucosidase from Aspergillus
niger (Novozym 188), were kindly supplied by Novozymes A/S
(Bagsvaerd, Denmark). The cellulase activity from Celluclast 1.5 L
was analyzed in terms of FPU in accordance with the standard ana-
lytical methods established by the National Renewable Energy Lab-
oratory (NERL) [30]. One ﬁlter paper unit (FPU) of cellulase was
deﬁned as the amount of enzyme which produces 2.0 mg of reduc-
ing sugar from 50 mg of ﬁlter paper within 1 h.
The experiment was carried out in a reaction mixture contain-
ing 0.5 mL of diluted enzyme solution, 1.0 mL of 50 mM citrate buf-
fer (pH 4.8), and 50 mg of a 1  6 cm strip of a Whatman No. 1 ﬁlter
paper. The reaction solution was incubated at 50 C for 1 h. Then
the concentration of the released reducing sugar was measured
using an adaptation of the 3,5-dinitrosalicylic acid (DNS) method
[31]. b-Glucosidase activity was determined for Novozym 188.
The b-glucosidase activity was measured by incubating the en-
zyme solution with 4 mM p-nitrophenyl-b-D-glucopyranoside
and 50 mM sodium citrate buffer (pH 4.8) at 30 C for 15 min.
The reaction was stopped by addition of 60 lL of 1 M Na2CO3
and the amount of liberated p-nitrophenol was measured spectro-
photometrically at 400 nm. One unit of activity (IU) was deﬁned asthe release of 1 lmol of nitrophenol per minute. The enzyme activ-
ities of commercial concentrates were 43.05 FPU/mL for Celluclast
1.5 L and 576.39 UI/mL for Novozym 188.
In our previous work, the susceptibility of hydrothermal pre-
treated wheat straw to enzymatic sacchariﬁcation was studied.
The results showed that the enzymatic sacchariﬁcation conversion
of cellulose to glucose was 90.88% [32].
2.5. Simultaneous sacchariﬁcation and fermentation (SSF)
The SSF experiment was conducted in accordance with NREL
standard procedure [33]. The fermentations were performed in
100 mL Erlenmeyer ﬂasks and each one was equipped with a thick
rubber stopper, through which one stainless-steel capillary had
been inserted; the exterior tip was submerged in glycerol. Glycerol
was used as a lock to prevent oxygen back-diffusion to themedium,
while permitting evolved CO2 to leave the ﬂask and to maintain
anaerobic conditions. The fermentation medium contained pre-
treated wheat straw, 1% w/v yeast extract, 2% w/v peptone, 50 mM
citrate buffer (pH 4.8), cellulase and b-glucosidase enzyme. The
b-glucosidase enzymewas added at a ratio of 2:1 U of b-glucosidase
to FPU of cellulase. Spindler et al. [34] reported that the b-glucosi-
dase supplementation is necessary to achieve efﬁcient cellulose con-
version. The necessary amount of deionized water was calculated
and added to make the total weight of 50 g. The pretreated wheat
straw was used as the control. SSF was started by adding enzymes
and ﬂocculating S. cerevisiae CA 11 and then incubated at different
conditions (Table 1) in an orbital shaker at 150 rpm. All the experi-
ments were carried out under sterile conditions. Samples of 1 mL
were withdrawn aseptically with sterile pipette tips at 3 h intervals
for the ﬁrst 12 h and at 24 h intervals until a total of 96 h. Samples
were immediately cooled on ice and centrifuged at 8260 g for
10 min. Ethanol concentration and that of remaining sugars were
determined by means of HPLC (see below). As an estimate, the CO2
was kinetically monitored by weight loss of the Erlenmeyer ﬂasks
at regular intervals (the inﬂuence of sample withdrawal was taken
into account). Fermentation monitoring based on CO2 production
is a common practice in wine fermentation [35,36]. All determina-
tions were performed in duplicate.
2.6. Analytical methods
All samples taken from SSF were ﬁltered through a 0.2 lm ster-
ile membrane ﬁlter and analyzed for cellobiose, glucose and etha-
nol by HPLC. Chromatographic separation was performed using a
Metacarb 87 H column (300  7.8 mm, Varian, USA) under the fol-
lowing conditions: mobile phase 0.005 M H2SO4, ﬂow rate 0.7 mL/
min, and column temperature 60 C. The system was comprised of
a Jasco chromatograph 880-PU intelligent pump (Jasco, Tokyo, Ja-
pan) equipped with a Jasco 830-IR intelligent refraction-index
detector (Jasco, Tokyo, Japan) and a Jasco AS-2057 Plus intelligent
auto sampler (Jasco, Tokyo, Japan). The volume injected was 20 lL
per sample. Sugars and ethanol concentrations were determined
based on calibration curves of these pure compounds [28].
2.7. Ethanol yield calculations
The ethanol yield was calculated according to the NERL stan-
dard procedure [33].
Ethanol yield ¼ ½EtOHf  ½EtOH0
0:51f ½Biomass  1:111 100% ð1Þ
where [EtOH]f is the ethanol concentration at the end of the fer-
mentation (g/L); and [EtOH]0 is the ethanol concentration at the
beginning of the fermentation (g/L). The term ‘‘0.51  f  [Bio-
Table 1
Statistical analysis of experimental design arrangement, responses and predicted values for ethanol yield, ethanol and CO2 concentration.
Run Normalized variablesa Real value Ethanol yield (%) Ethanol (g/L) CO2 (g/L)
X1 X2 X3 x1 x2 x3 Expb (YEtOH) Prec (YEtOH) Expb (CEtOH) Prec (CEtOH) Expb (CCO2) Prec (CCO2)
1 1 1 1 30 2 5 49.51 48.42 6.22 5.86 6.57 5.90
2 1 1 +1 30 2 30 85.71 83.45 10.09 9.86 9.96 9.63
3 1 +1 +1 30 3 30 72.88 71.26 13.20 12.67 12.96 12.15
4 1 +1 1 30 3 5 32.10 37.56 5.78 6.59 5.08 5.97
5 +1 1 1 45 2 5 45.13 47.00 5.31 5.63 4.74 5.27
6 +1 1 +1 45 2 30 79.05 73.84 9.51 8.49 8.94 7.78
7 +1 +1 +1 45 3 30 82.40 83.74 14.85 15.00 14.28 14.68
8 +1 +1 1 45 3 5 55.74 58.25 10.04 10.06 9.65 9.71
9 1 0 0 30 2.5 17.5 52.00 51.51 7.73 8.04 6.68 7.60
10 +1 0 0 45 2.5 17.5 57.56 57.05 8.56 9.09 8.39 8.55
11 0 1 0 37.5 2 17.5 46.01 52.69 5.42 6.71 4.64 6.27
12 0 +1 0 37.5 3 17.5 59.90 52.21 10.79 10.33 10.29 9.75
13 0 0 1 37.5 2.5 5 41.06 32.31 6.10 5.31 5.78 4.97
14 0 0 +1 37.5 2.5 30 54.83 62.58 8.15 9.78 7.42 9.32
15 0 0 0 37.5 2.5 17.5 45.35 45.62 8.00 7.68 7.50 7.17
16 0 0 0 37.5 2.5 17.5 44.89 45.62 7.88 7.68 7.26 7.17
17 0 0 0 37.5 2.5 17.5 45.24 45.62 8.20 7.68 7.98 7.17
18 0 0 0 37.5 2.5 17.5 44.98 45.62 8.31 7.68 8.12 7.17
a X1: Temperature, X2: Substrate, X3: Enzyme loading.
b Experimental value.
c Model predicted value.
Table 2
Variables and levels used in the central composite design.
Independent variable Symbol Range and levels
1 0 +1
Temperature (C) X1 30 37.5 45
Substrate (%)a X2 2 2.5 3
Enzyme loading b X3 5 17.5 30
a (% Effective cellulose).
b (FPU/g of cellulose).
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tion, where [Biomass] is the dry biomass weight concentration at
the beginning of the fermentation (g/L); f is the cellulose fraction
of dry biomass (g/g); 0.51 is the conversion factor for glucose to eth-
anol based on the stoichiometric biochemistry of yeast and 1.111 is
the conversion factor for cellulose to equivalent glucose.
The ethanol concentration in the liquid phase was analyzed
using HPLC as described above. Then the accurate ethanol yield
could be obtained using Eq. (1).
2.8. Experimental design and statistical analysis
N ¼ 2K þ 2 K þ 1 ð2Þ
In order to relate the dependent variables ethanol yield (YEtOH,
%), ethanol (CEtOH, g/L) and CO2 (CCO2, g/L) concentration and inde-
pendent variables temperature (X1, C), substrate (X2, %) and en-
zyme loading (X3, FPU/g of cellulose) in the process of SSF with
the minimum possible number of experiments, a 2n central com-
posite experimental design (CCD) for three factors that enabled
the construction of second-order polynomials in the independent
variables and the identiﬁcation of statistical signiﬁcance in the
variables was used [37]. The total number of observations required
for three independent variables (N) was calculated using the fol-
lowing equation:where K is the number of independent variables.
N is found to be 15 with four replicates at the center point leading
to a total number of 18 experiments for the evaluation of SSF pro-
cess. The values of the independent variables were normalized
from 1 to +1 using Eq. (3) to provide the comparison of the coef-
ﬁcients and visualization of the individual independent variables
on the response variable. The lowest and the highest levels of vari-
ables are given in Table 2.
Xn ¼ 2 X 
X
Xmax  Xmin ð3Þ
where X is the absolute value of the independent variable con-
cerned X is the average value of the variable and Xmax and Xmin are
its maximum and minimum value, respectively. The second-order
polynomials and calculation of predicted responses were calculatedwith MATLAB Version 7.6.0, R2008a software (MathWorks, Inc.,
Natick, Massachusetts, USA) to estimate the response of the depen-
dent variables. The mathematical model corresponding to the
experimental design is:
Yi ¼ b0 þ
X3
i¼1
bixi þ
X3
i¼1
biix
2
i þ
X2
i¼2
X3
j¼iþ1
bijxixj þ  ð4Þ
where Yi is the predicted value, xi and xj are the normalized values
of the factors, b0 is a constant coefﬁcient, bi are the linear coefﬁ-
cients, bij (i and j) are the interaction coefﬁcients and bii are the
quadratic coefﬁcients and e is the random error.
The quality of the ﬁt of the polynomial model equation was
evaluated by the coefﬁcient of determination R2 and the statistical
signiﬁcance was evaluated by the Fisher’s F-test for analysis of var-
iance (ANOVA) with a 95% conﬁdence level. The corresponding
variables will be more signiﬁcant if the absolute F-value becomes
greater and the p-value becomes smaller. The effect of each inde-
pendent variable and also their interaction effects were deter-
mined. ANOVA results generated the Pareto charts of interactions
and effects. The experimental design package STATISTICA™ v 7.0
(Statsoft , Tulsa, OK, USA) was the software used for data analysis.3. Results and discussion
3.1. Effect of hydrothermal processing on the composition of the solid
phase
The cellulose (glucan) content in the solid residue was of 63.7%,
xylan 7.55%, arabinan 0.29%, acetyl groups 1.51% and klason lignin
Fig. 3. Glucose, cellobiose and ethanol concentrations obtained in SSF assays
carried out under the condition of experiments 2, 4, 5, 7 and 11 of Table 1. 45 C, 3%
of cellulose, 30 FPU of enzyme (j); 30 C, 2% of cellulose, 30 FPU of enzyme (N);
45 C, 2% of cellulose, 5 FPU of enzyme (d); 30 C, 3% of cellulose, 5 FPU of enzyme
(s); 37.5 C, 2% of cellulose, 17.5 FPU of enzyme (4).
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hydrothermal processing and a solid residue with increased glucan
percentage was obtained [28]. This increase of glucan could be cor-
related to the solubilization of hemicellulose components, because
the hemicellulose is more amorphous and less stable than cellulose
and, as expected, results show a substantial removal of hemicellu-
loses during hydrothermal processing [38]. These results are in
agreement with the data reported for a similar feedstock; Gullón
et al. [39] observed a similar behavior for rye straw and using a
similar pretreatment process with switchgrass, Suryawati et al.
[40] reported an increase in glucan content from 36.6% to 56.6%
and a decrease in xylan content from 21.0% to 2.4%. The klason lig-
nin content follows a similar pattern to glucan and the majority of
the lignin content remains in the solid phase. Kristensen et al. [41]
reported that hydrothermal pretreatment caused re-localization of
lignin on the surface of LCM and subsequently the materials are
more susceptible to enzymatic hydrolysis.
3.2. Kinetics of simultaneous sacchariﬁcation and fermentation (SSF)
The experimental design matrix is given in Table 1. Eighteen
experiments were performed to evaluate the ethanol yield, ethanol
and CO2 concentration using SSF process (performed in duplicate)
by a ﬂocculating S. cerevisiae CA11 on the hydrothermal pretreated
wheat straw. During all SSF assays, continuous increases in ethanol
content occurred whereas glucose content remained very low.
These results indicate that glucose from enzymatic hydrolysis
could be fermented to ethanol by S. cerevisiae CA11, thus showing
a good fermentation performance by the yeast.
Enzymatic hydrolysis of cellulose to glucose ﬁrst produced a
disaccharide, cellobiose, which was then hydrolyzed to a monosac-
charide, glucose. The experiments had a similar pattern for glucose
and cellobiose concentration during the initial 12 h (Fig. 3A and B).
No cellobiose accumulation was observed throughout fermenta-
tions as it was hydrolyzed to glucose continuously, indicating suf-
ﬁcient b-glucosidase activity in the cellulase preparation and low
inhibition by glucose. Fig. 3A and C shows the concentration pro-
ﬁles determined for glucose and ethanol in the experiments 2, 4,
5, 7 and 11 of Table 1. Glucose from enzymatic hydrolysis was rap-
idly consumed by S. cerevisiae indicated by a decrease in glucose
from 0 to 12 h and, in other cases, from 0 to 24 h (Fig. 3A). Ethanol
concentration remained relatively constant, indicating cessation of
fermentation. The SSF process was completed after 48 h. The high-
est ethanol concentration on the pretreated wheat straw was
14.85 g/L at 45 C for an enzyme loading of 30 FPU/g cellulose with
3% of effective cellulose (experiment No. 7), corresponding to an
ethanol yield of 82.40% and 14.28 g/L of CO2. The greatest ethanol
yield observed was 85.71% (experiment No. 2), and the lowest eth-
anol yield observed was 32.10% at 30 C (experiment No. 4) in both
cases with enzyme loadings of 30 and 5 FPU/g cellulose,
respectively.
The greatest CO2 concentration was 14.27 g/L (experiment No.
7) and the lowest was 4.64 g/L (experiment No. 11). Table 1 shows
the theoretical ethanol yield, ethanol and CO2 concentration for
each temperature/substrate/enzyme loading combination; results
indicate that larger ethanol yields suggest greater hydrolysis of cel-
lulose to glucose. Walsum et al. [42] reported an ethanol produc-
tion of 18 g/L with 90% of ﬁnal conversion in 75 h using the same
pretreatment and hard wood ﬂour as raw material and Negro
et al. [43] achieved ethanol concentration of 20 g/L in 72 h using
poplar biomass in SSF process using steam explosion pretreatment.
3.3. Statistical analysis
Multiple regression analysis and analysis of variance (ANOVA)
of the experimental data were performed for the mathematicalmodel ﬁtting. The models in terms of normalized values (Table 2)
expressed in Eqs. (5)–(7) represent the ethanol yield, YEtOH(%), eth-
anol concentration, CEtOH, and CCO2 concentration, as function of
temperature (X1), substrate (X2) and enzyme loading (X3), respec-
tively. Table 1 shows the values predicted by the model applying
multiple regression.
YEtOHð%Þ ¼ 45:61þ 2:76X1  0:23X2 þ 15:13X3 þ 5:52X1X2
 2:05X1X3  0:33X2X3 þ 8:66X21 þ 6:83X22 þ 1:82X23
ðR2 ¼ 0:924Þ ð5Þ
CEtOH¼7:67þ0:52X11:81X2þ2:23X3þ0:92X1X20:28X1X3
0:52X2X3þ0:88X21þ0:84X22þ0:13X23 ðR2¼0:923Þ ð6Þ
Table 4
Analysis of variance (ANOVA) for ethanol concentration (CEtOH) model as a function of
temperature (X1), substrate (X2), enzyme (X3).
Source Sum of squares d.f Mean square F-value p-value
Model 104.33 9 11.59 10.74 0.0014*
X1 2.75 1 2.75 73.30 0.0033*
X2 32.81 1 32.81 875.11 <0.0001**
X3 49.90 1 49.90 1331.01 <0.0001**
X1X2 6.83 1 6.83 182.28 0.0008*
X1X3 0.66 1 0.66 17.49 0.0249*
X2X3 2.16 1 2.16 57.49 0.0047*
X21 2.11 1 2.11 56.26 0.0049
*
X22 1.93 1 1.93 51.50 0.0055
*
X23 0.05 1 0.05 1.29 0.3378
Residual 8.63 8 1.08
Total 112.95 17
R2 0.923
R2adj 0.84
d.f., Degree of freedom.
* Signiﬁcant.
** Highly signiﬁcant.
Table 5
Analysis of variance (ANOVA) for CO2 concentration (CCO2) model as a function of
temperature (X1), substrate (X2), enzyme (X3).
Source Sum of squares d.f Mean square F-value p-value
Model 103.85 9 11.54 7.37 0.0049*
X1 2.26 1 2.26 13.90 0.0336*
X2 30.30 1 30.30 186.47 0.0008*
X3 47.27 1 47.27 290.92 0.0004*
X1X2 9.56 1 9.56 58.83 0.0046*
X1X3 0.75 1 0.75 4.60 0.1213
X2X3 3.02 1 3.02 18.61 0.0229*
X21 2.22 1 2.22 13.64 0.0344
*
X22 1.91 1 1.91 11.75 0.0416
*
X23 0.00 1 0.00 0.01 0.9112
Residual 12.53 8 1.57
Total 116.92 17
R2 0.892
R2adj 0.771
d.f., Degree of freedom.
Highly signiﬁcant.
* Signiﬁcant.
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The ANOVA results listed in Tables 3–5 revealed that second-or-
der polynomial models adequately represent responses of ethanol
yield, ethanol and CO2 concentration with coefﬁcients of determi-
nation R2, indicating that 92.4%, 92.3% and 89.2% of the variability
in the responses could be explained by the models. These values
were in reasonable agreement with the adjusted determination
coefﬁcient R2adj = 0.838, 0.84 and 0.771 respectively. As shown
in Table 3, for ethanol yield, the model F-value of 10.81 is high
compared to the tabular F9,8 value of 3.39 indicating that the model
was signiﬁcant. The same situation occurred with the models for
ethanol and CO2 concentration, where the model F-value is 10.74
and 7.37 respectively.
According to ANOVA results for ethanol yield (Table 3), all the
linear X1, X2, X3, square X
2
1, X
2
2, X
2
3 and interactions X1X2, X1X3,
X1X2 terms have signiﬁcant effect on ethanol yield responses with
p-value under a signiﬁcance level of a = 0.05. These effects can be
visualized in the standardized Pareto charts (Fig. 4A). It can be ob-
served that enzyme loading, temperature–substrate interactions
and temperature are important variables at the 95% conﬁdence le-
vel on the ethanol yield and that the effect of enzyme loading,
when raised from the lowest to the highest level, is positive (Fig
4A). This positive effect of X3 shows that ethanol yield is improved
at higher enzyme loadings. This is consistent since the ethanol
yield was high for the conditions tested. Li et al. [44] observed that
during the SSF process, ethanol yield was 94.7% using similar con-
ditions and bermudagrass as raw material. Linde et al. [45] evalu-
ated the inﬂuence of low enzyme loading on SSF using the same
raw material obtaining an ethanol yield of 67%. Varga et al. [35] re-
ported an ethanol yield of 75% using high solids concentration in
SSF and concluded that increased enzyme loadings accelerated
the enzyme reaction, resulting in higher ethanol yield. When ob-
served in terms of temperature, yields increased with increases
in temperature up to 45 C. However, at low substrate concentra-
tions, an increase in cellulase concentration of 30 FPU/g of cellulose
showed higher yields. This could be due to the low quantity of sub-
strate and the presence of excess enzyme. Also, the high ethanol
yields indicate the absence, or the presence at non-inhibitory con-
centrations, of inhibitors of the fermentation process.
Tables 4 and 5 also show the ANOVA analyzes for ethanol and
CO2 concentration. For ethanol concentration all the variables ex-
cept X23 have a signiﬁcant effect on ethanol concentration at theTable 3
Analysis of variance (ANOVA) for ethanol yield (YEtOH) model as a function of
temperature (X1), substrate (X2), enzyme (X3).
Source Sum of squares d.f Mean square F-value p-value
Model 3676.62 9 408.51 10.81 0.0013*
X1 76.60 1 76.60 1653.49 <0.0001**
X2 0.56 1 0.56 12.18 0.0397*
X3 2321.05 1 2321.05 50103.78 <0.0001**
X1X2 244.07 1 244.07 5268.65 <0.0001**
X1X3 33.58 1 33.58 724.95 0.0001**
X2X3 0.90 1 0.90 19.35 0.0217*
X21 212.33 1 212.33 4583.54 <0.0001
**
X22 133.80 1 133.80 2888.37 <0.0001
**
X23 6.24 1 6.24 134.66 0.00137
*
Residual 302.39 8 37.80
Total 3979.02 17
R2 0.924
R2adj 0.838
d.f., Degree of freedom.
* Signiﬁcant.
** Highly signiﬁcant.95% conﬁdence level and ANOVA shows that enzyme loading (X3)
is the most effective variable, followed by substrate concentration
(X2) and interaction between temperature and substrate (X1X2),
suggesting a positive effect of enzyme loading on ethanol concen-
tration (Fig. 4B). This is likely to occur due to the dependence of the
SSF rate on the hydrolysis rate as enzyme loading is considered one
of the most important factors in ethanol production from LCM. This
becomes more evident as the effects between the variables (X1X2,
X21, X
2
2, X
3
1) on ethanol concentration were less signiﬁcant. Linde
et al. [45] reported an ethanol concentration of 11.7 g/L using the
same raw material and Luo et al. [46], when evaluating the inﬂu-
ence of enzyme concentration, reported an optimal ethanol con-
centration of 22.7 g/L using the same enzyme loading at 35 C.
Faga et al. [14] studied the effect of reduced enzyme loading on
SSF process and reported a reduction of glucan hydrolysis and low-
ered ethanol production. The synergetic enzymatic hydrolysis by
cellulase supplemented with b-glucosidase greatly reduced the
inhibition caused by cellobiose accumulation, thereby effectively
improving SSF performance. In terms of CO2 concentration, ANOVA
(Table 5) showed that the linear X1, X2, X3, square X
2
1, X
2
2 and inter-
action X1X2, X2X3 terms have a signiﬁcant effect on CO2 concentra-
tion responses except X23 and X1X3. The Pareto chart presented in
Fig. 4C shows that the parameters that most strongly affect CO2
Fig. 4. Pareto charts for standardized effects of ethanol yield (A), ethanol (B) and
CO2 (C).
Fig. 5. Response surface and contour plot for SSF process. (A) Ethanol yield
variation as a function of enzyme loading and temperature at two substrate levels;
(B) Ethanol concentration variation as a function of enzyme loading and substrate at
two temperature levels; (C) CO2 concentration variation as a function of enzyme
loading and substrate at two temperature levels.
534 H.A. Ruiz et al. / Fuel 95 (2012) 528–536production are enzyme loading, substrate concentration and the
interaction between temperature and substrate concentration at
the 95% conﬁdence level. The positive effect of X3, X2 and X1X2,
when raised from the lowest to the highest level is positive. By
comparing Fig. 4B and C, it can be observed that operating vari-
ables had similar effects on ethanol and CO2 concentration. This
should be expected having in mind the stoichiometry of the con-
version of glucose into ethanol and CO2 in the alcoholic fermenta-
tion process.Response surfaces were drawn as three-dimensional plots of
the second-order polynomial models (Eqs. (5)–(7)) as a function
of the two most strongly inﬂuencing variables. Ethanol yield was
plotted as a function of enzyme loading and temperature, for sub-
strate values kept constant both at the highest (+1) and at the low-
est level (1) (Fig. 5A). Fig. 5A shows that a high ethanol yield
could be obtained at a high enzyme loading and high temperature,
both at low and high level of substrate concentration. This could be
due to the depletion of the substrate and the presence of excess en-
H.A. Ruiz et al. / Fuel 95 (2012) 528–536 535zyme. At low enzyme loadings, increases in substrate concentra-
tion showed improvement in terms of conversion. However, at
high enzyme loadings, increases in substrate concentration re-
sulted in improved yield. In the case of ethanol and CO2 produc-
tion, the most important variables were enzyme loading and
substrate concentration and response surfaces were plotted as a
function of these variables, for temperatures kept constant both
at the highest (+1) and at the lowest level (1) (Fig. 5B and C).
Fig. 5B and C shows that in order to obtain high ethanol and CO2
concentrations high enzyme loadings and substrate concentrations
could be used at high temperatures. An increase in substrate con-
centration resulted in better ethanol production, which is due to
the consumption of sugars by S. cerevisiae CA11. Temperature is a
crucial factor for SSF process, so a compromise between the opti-
mal temperatures for the actions of cellulolytic enzymes and yeast
is needed. However, it must be pointed out that these results were
obtained with a thermolerant yeast strain that made possible to
perform the SSF at a temperature close to the optimal for the en-
zyme action, which was a real advantage.4. Conclusions
Hydrothermal processing is an effective pretreatment that in-
creased the cellulose concentration of wheat straw raw material,
making it a good substrate for SSF. The results of this work show
that the ﬂocculating, thermotolerant S. cerevisiae CA11 strain has
potential to be used for ethanol production in SSF process at
45 C and contributes to avoid one of the main disadvantages of
SSF, while providing SSF yields comparable to those obtained with
other fermenting yeasts. The experimental design used in the pres-
ent study established efﬁcient second-order polynomial models
describing the effects of temperature, substrate concentration
and enzyme loading on ethanol yield, ethanol and CO2 production
by a SSF process using a thermotolerant ﬂocculating yeast strain.Acknowledgements
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